Sickle cell disease (SCD) is a chronic disease with a significant rate of neurological complications in the first decade of life. In this retrospective study, cortical thickness was examined in children with SCD who had no detectable abnormalities on conventional magnetic resonance imaging/magnetic resonance angiography. Regional differences in cortical thickness from SCD were explored using age-matched healthy controls as comparison. A comparison analysis was done for SCD (n 5 28) and controls (n 5 29) based on age (5--11; 12--21 years), due to the age-dependent variation in cortex maturation. Distinct regions of thinning were found in SCD patients in both age groups. The number, spatial extent, and significance (P < 0.001) of these areas of thinning were increased in the older SCD group. Regions of interest (ROIs) were defined on the areas of highly significant thinning in the older group and then mapped onto the younger cohort; a multiparametric linear regression analysis of the ROI data demonstrated significant (P < 0.001) cortical thinning in SCD subjects, with the largest regions of thinning in the precuneus and the posterior cingulate. The regionally specific differences suggest that cortical thickness may serve as a marker for silent insults in SCD and hence may be a useful tool for identifying SCD patients at risk for neurological sequelae.
Introduction
Sickle cell disease (SCD) is one of the most prevalent genetic disorders, affecting over 70 000 people in the United States. The term sickle cell disease encompasses the homozygous form of the disease (sickle cell anemia) and conditions where a person with the heterozygous form (sickle cell trait) also has another abnormal hemoglobin allele. The pathophysiology of SCD is not completely understood. Increased red cell adhesion, coupled with increased sheer stress due to anemia may initiate injury to the endothelial cells of the cerebral arteries. This in turn initiates other processes including oxidative injury of the vessel wall, inflammation, abnormal vasomotor regulation, and increased coagulation (Hillery and Panepinto 2004) . The anemia associated with SCD results in hyperemia and vasodilation throughout the body and the resulting chronic increase in cerebral blood flow leads to an inability to further increase perfusion of the brain during periods of hypoxic stress.
Over recent decades, the development of treatment regimes-including prophylactic penicillin, pneumococcal vaccination, and routine screening with transcranial Doppler ultrasound-has dramatically increased the life expectancy of patients with SCD (Platt et al. 1994 ) and has led to increasing attention on the chronic adverse effects of SCD that significantly impair quality of life. Patients have a high incidence of overt stroke that peaks in childhood (OheneFrempong et al. 1998 ) and a high recurrence rate in those who are not chronically transfused. Additionally, covert infarction, in the absence of neurological symptoms and signs, affects up to a quarter of children with SCD screened with magnetic resonance imaging (MRI) (Pegelow et al. 2002) . These lesions are often unilateral, small, and focal, and patients with such infarcts are at greater risk for cognitive decline (Watkins et al. 1998) . Structural imaging abnormalities, including overt stroke and silent infarct, have been associated with the severity and the type of cognitive impairment in several studies (Grueneich et al. 2004; Kral et al. 2006 ). However, the associated cognitive deficits are widespread and have also been found in children without any obvious lesions (Steen et al. 2005) .
The inability of conventional MRI/magnetic resonance angiography (MRA) to predict which patients are at risk for cognitive decline has led several groups to investigate other neuroimaging markers of cytoarchitectonic changes in the brains of sickle cell patients. One study reported a significant reduction in T 1 in a pediatric sickle cell population with respect to an age-matched normal control group (Steen et al. 1999) . A voxel-based morphometry analysis of group differences between a sickle cell patient population and a control group found a significant reduction in white matter density in the sickle cell population (Baldeweg et al. 2006) . In another study, a semiautomated procedure was used to classify tissue types and compute quantitative volumetric data on a group of normal controls and sickle cell patients. This study found a reduced gray matter volume in the sickle cell population, with a more significant reduction in subcortical structures than in the cortical volume (Steen et al. 2006) .
However, the question of whether sickle cell patients have cortical thickness abnormalities that are undetectable with conventional MRI has not been addressed. Measurements of cortical thickness have been used to study a variety of neurological disorders including schizophrenia, Alzheimer's disease, and autism. This approach has been able to detect spatially localized differences in these populations, compared with healthy controls, which were not apparent on radiological evaluations of the individual patients (Hadjikhani et al. 2006; Du et al. 2007; Goghari et al. 2007 ). We hypothesized that because cognitive deficits are found in children with SCD, even when they have no overt neurological defects and have both a normal MRI scan and a normal MRA, significant differences in cortical thickness may exist between patients with SCD and a control population.
Materials and Methods

Subjects
For the patients with SCD, the MRI examinations were part of the normal standard of care for this population and the use of the data was approved, as a retrospective study, by the Institutional Review Board (IRB). The sickle cell population was restricted to patients with the homozygous form of the disease (sickle cell anemia), and the standard of care magnetic resonance examination for these patients included an MRA. The images were reviewed by an experienced pediatric neuroradiologist to verify the absence of radiologically evident pathology from the structural images and the MRA. All subjects who had a negative MRI examination during the study period covered by the retrospective IRB were enrolled in the study. The normal control population consisted of healthy volunteers who were recruited for a functional MRI (fMRI) study which included the acquisition of volumetric MRI data. These volunteers gave written informed consent to participate in an IRB-approved study and had their MRI evaluated by an experienced pediatric neuroradiologist to verify the absence of radiologically evident pathology from the structural images. Targeted recruiting of the control population on the basis of age and gender was used to obtain as unbiased a sample as possible with respect to the sickle cell population. A total of 30 volunteers and 33 sickle cell patients with normal MRI examinations were enrolled in the study. All but one of the patients with SCD (96%) declared themselves to be African-Americans, the other was a ''nonwhite Hispanic.'' The control population consisted of 8 (27%) African-Americans, 1 Hispanic, and 21 (70%) Caucasian subjects. The 3 youngest sickle cell patients (3.1, 4.1, and 4.4 years, respectively) were much younger than the youngest control (6.3 years) and were hence excluded from the analysis.
One factor that complicates the analysis of the evolution of the cortical thickness with age is that different regions of the brain mature at different rates. Recent reports showed that the peak cortical volume for most of the brain can be described by a cubic model with a peak in cortical volume between 7 and 12 years of age, with the exact location of the peak being both region and gender specific (Lenroot et al. 2007; Shaw et al. 2008) . Once the peak is passed, the changes in the cortical volume appear to be well characterized by a linear function. Thus, the application of an analysis that uses a linear model to the whole group of subjects, or those aged below 12 years of age, is of questionable value. For this reason, we split the subjects into 2 groups (for each population): the first (younger) group consisted of subjects of less than 12 years of age and the second (older) group consisted of all subjects aged 12 years and above. To test for outliers in these 2 groups, a Grubbs' test was performed. No outliers were detected in either the younger or the older control groups or the younger SCD group, but one outlier was found in the older SCD group and this subject was excluded from the analysis. One subject had to be discarded from each group for technical reasons (see Results section), thus 29 healthy controls and 28 subjects with SCD were included in the study. The younger normal control population consisted of 14 subjects with a mean age of 9.0 years (standard deviation [SD] = 1.9 years, range = 6.3--11.9 years), and the younger sickle cell population consisted of 16 subjects with a mean age of 8.0 years (SD = 2.1 years, range 5.2--11.9 years). The older normal control population consisted of 15 subjects with a mean age of 15.6 years (SD = 2.4 years, range = 12.2--20.4 years), and the older sickle cell population consisted of 12 subjects with a mean age of 14.6 years (SD = 1.0 years, range 12.4--18.6 years). The detailed demographics of the 2 groups are presented in Tables 1 and 2 in the Supplementary Information online. There were no statistically significant differences in the age distribution of the populations. No neuropsychological testing was performed on the sickle cell population in this retrospective study; hence, it is not known if there were significant differences in cognitive abilities between the 2 groups.
MRI Acquisition
The MRI data were acquired on 1.5-T Siemens scanners using a 3-dimensional spoiled gradient echo (SPGR) sequence with time repetition = 7.9 ms, time error = 3.0 ms, a sampling bandwidth of 190 Hz/pixel, and a flip angle of 20°. The images were acquired in the sagittal plane with a field of view of 256 mm 2 , an acquisition matrix of 256 2 , and a slice thickness of 1 mm, resulting in 1-mm isotropic spatial resolution. Sufficient slices were acquired to cover the full extent of the brain and scalp in the left--right direction. The images were acquired using either a 4-or a 12-channel receive-only head coil, and the signal intensities were corrected on the basis of a reference scan using the standard software on the scanner. For the patients with SCD, the standard of care of examination included diffusion imaging, a time of flight MRA, T 2 -weighted and FLAIR imaging, in addition to the T 1 -weighted volume described above.
Segmentation and Surface Extraction
The cortical surface extraction was performed using Freesurfer v3.0 (http://surfer.nmr.mgh.harvard.edu/). This software has been described in detail in the literature (Fischl et al. 1998; Dale et al. 1999; Dale 2000; Fischl et al. 2002) , so only a brief description of the process is given here. Freesurfer attempts to reconstruct 2 surfaces-the pial surface and white matter surfacewhich serve as the basis for cortical thickness estimates. These surfaces are estimated through a series of computationally intensive steps in which the original MRI volumetric SPGR acquisitions undergo intensity normalization and skull stripping followed by automated segmentation of subcortical structures and white matter . The white matter surface is estimated first by using the prior segmentations as a starting point and the sulcal and gyral folds as guides to create a subvoxel, topologically correct surface . The pial surface is estimated by deforming the white matter surface outward to find the gray matter/cerebrospinal fluid boundary. The cortical thickness is computed as the average of the distance between the surfaces in order to avoid confounds from certain pathological conditions (Fischl and Dale 2000) . Validations of this method for estimating cortical thickness have been described in several papers (Rosas et al. 2002; Kuperberg et al. 2003) .
Group Analysis
The reconstructed surfaces are coregistered across subjects by using anatomical markers (e.g., the Sylvian fissure) (Fischl et al. 1998; Fischl, Sereno, Tootell, Dale 1999) . Thus, for each vertex on the average surface, we have a mapping to the corresponding vertex on the surface of each subject. For each category (sickle cell patient, normal control) and each group (younger, older), a linear model of the cortical thickness as a function of age is calculated at each vertex (triangle) on the surface. To test for significant differences in the cortical thickness, a linear fit was calculated such that the slope of the line for the 2 groups is the same, but the vertical offset (representing thickness) was allowed to freely vary such that the best fit to the data for each category is obtained. Inference was then performed at each vertex on the statistical significance of the difference in vertical intercept between the 2 groups while regressing out the effect of age. For each of the analyses, the resulting parametric maps were overlain on the average cortical surface.
Quality Control
The reconstruction of the inflated surface should be smooth and free from holes, bumps, and other defects. The data for each subject were reviewed for such topological inaccuracies prior to the group analysis, and the surfaces from 4 subjects were found to contain topological errors. A review of the data from these 4 subjects revealed that for 2 of the subjects, the cerebellum had been detached during the skull stripping. This problem was corrected by manually editing the volume in order to reinsert the cerebellum; the reconstruction was then recomputed and resulted in surfaces with the proper topology. Two of the subjects (one normal control and one sickle cell patient) were eliminated from the cohort as their reconstructions had widespread small topological errors caused by errors in the segmentation and/or generation of the surfaces. These were probably a result of either poor signal to noise ratio (SNR) or motion during the volumetric MRI acquisition. Hence, there were a total of 57 subjects with cortical reconstructions of acceptable quality.
Results
Parametric maps were calculated for each of the 2 groups (younger and older subjects) on the null hypothesis of no significant difference between the thickness intercepts (i.e., age = 0). The parametric maps for the 2 groups shown in Figure  1a ,b were generated using a lower threshold of P < 0.05 and a saturation point of P < 0.001. Inspection of the 2 maps shows a much greater significance and extent of cortical thinning in the older group. Areas that exhibited significant bilateral thinning of the medial cortex included the precuneus, the paracentral, and the superior frontal regions. The temporal and frontal areas were among the regions that showed significant thinning of the lateral surface in the older group.
Consideration of the data from Lenroot et al. (2007) and Shaw et al. (2008) leads us to conclude that there are considerable confounds in interpreting the linear model over the younger age cohort but, conversely, leads us to have confidence in the results of the linear model on the older age group. In the younger cohort, the cited data indicate that the cortical volume over the younger age range is not a monotonic function but instead has more of a quadratic form with an increase in cortical volume leading to a peak and a subsequent decline in cortical volume. Furthermore, there are region-, disease-, and gender-specific shifts in the age at which the maximum volume is attained (Lenroot et al. 2007; Shaw et al. 2007 Shaw et al. , 2008 . In view of these confounds, the validity of the linear model used in the generation of the statistical parametric maps of mean cortical thickness in the younger group is questionable. For the older cohort, the cited data indicate that the expected pattern for the healthy controls in this age range over most of the brain is a monotonic decline; hence, it is Figure 1 . In all the figures, the regions in the parametric maps corresponding to areas of statistical significance (P \ 0.05) are shown as a color overlain on the average surface derived from the relevant group. The light blue (when present) and yellow colors denote regions where P \ 0.01, that is, significance greater than 99% confidence interval. (A) Shows maps of statistically significant cortical thinning for the younger group (see Table 1 for details). A blue overlay denotes areas where the cortex of the SCD group is thicker than that in the normal controls; a red/yellow overlay denotes the inverse, that is, SCD group thinner than controls. (B) Shows maps of statistically significant cortical thinning for the older group (see Table 2 for details). A blue overlay denotes areas where the cortex of the SCD group is thicker than that in normal controls; a red/yellow overlay denotes the inverse, that is, SCD group thinner than controls.
reasonable that the linear model may be valid for this group. In order to more carefully examine the linear model in the 2 age groups, we choose 14 regions of interest (ROIs) including the most significant regions of thinning indicated by the significance map in the older group shown in Figure 2 . The average surfaces for the older and younger group were brought into alignment by the same procedure that was used to align the individual subjects. These ROIs defined on the areas of significant thinning in the older group can then be mapped onto the surface of the younger group average using this alignment. The ROIs could then be mapped onto the individual subjects of both the younger and older group using the alignment transformations calculated during the analysis of the individual groups. The data for all subjects from 4 representative ROIs are shown in Figure 3 along with the linear fits for the older subjects. An analysis of covariance was performed using SPSS for all the ROIs and for each of the 2 age groups, and the results of the analysis are summarized in Table 1 . The results indicated that there was no significant difference in the slope values (i.e., age 3 disease interaction) for the older group, but that there was a significant slope effect for all but one of the ROIs in the right hemisphere of the younger group. There was no significant difference in the regression line estimates due to gender differences in either age group. The data also indicate that there was no significant disease-related difference in cortical thickness in the younger group; conversely, for the older group, a very significant, disease-related difference in cortical thickness was observed for all of the ROIs.
Discussion
Using a direct, validated measurement of cortical thickness, we found statistically significant thinning of the multiple regions of the cerebral cortex in older children with SCD. For the older subjects, there is a clear distinction between the data points from the SCD patients and those from the controls, but in the younger patients, no clear separation is observed. Given the complex spatiotemporal dynamics of the cortical development in children below the age of 12 years, we were unable to separate the age, gender, and disease interactions with the limited amount of data included in this study. Thus, we were unable to establish the age range over which the abnormal cortical development occurs; however, we can state that there is a difference present in the older group.
Cortical Thinning and Hypoperfusion
Although we know of no explicit relationship between cortical thickness and cerebral perfusion, it seems reasonable that impaired perfusion could affect the development and maintenance of the cerebral cortex. Animal models of intermittent hypoxia show an effect of neurodegeneration and inflammation (Pena and Ramirez 2005) . Intermittent hypoxia is also known to diminish the induction of long-term potentiation (Payne et al. 2004 ) which could play a role in creating weakly connected networks that are prone to large-scale pruning with loss of neuropil. The most significant areas of cortical thinning in our study were located on the posterior medial surfaces of both hemispheres in the older SCD subjects. These regions lie predominantly in the so-called ''watershed'' areas of the perfusion territories of the anterior cerebral artery (ACA) and the posterior cerebral artery (PCA). The regions of most significant thinning bilaterally, the precuneus and the posterior cingulate, show a selective vulnerability to acute hypoxia (Laureys et al. 1999 ) and diffuse brain ischemia (DeVolder et al. 1990 ). These regions constitute part of the posited ''default mode'' network (Raichle and Snyder 2007) which consists of a distributed network of regions that show deactivation during the rest periods in positron emission tomography (PET) and fMRI studies and which also exhibit an exceptionally high metabolic rate relative to other brain regions in PET studies (Raichle et al. 2001) . It would seem logical that the high metabolic requirements of these regions coupled with the high cerebral blood flow (CBF) and the chronic hypoxia associated with SCD would make these regions susceptible to abnormal development. Other recent results indicate that the default mode network matures at approximately 12 years of age (Fair et al. 2008 ), which may partially explain the absence of thinning in precuneus and posterior cingulate in the younger group, despite the higher metabolism of young children. It is also noteworthy that in studies of Alzheimer-type cognitive decline, the posterior cingulate and the precuneus show early indications of hypoperfusion (Benson et al. 1983 ) and are associated with significant cortical thinning (Du et al. 2007 ). Table 1 The P values from the analysis of covariance for each of the 14 ROIs and for each of the 2 groups (younger and older subjects, respectively) The medial prefrontal cortex is also associated with the default mode and also has a relatively high metabolic rate at rest; however, no cortical thinning was detected in this region in the older sickle cell group. This may reflect the effect of a better blood supply to this non-watershed region. The regions of significant thinning on the lateral surfaces are more scattered and multifocal, and only in some cases are they associated with the watershed area between the ACA and PCA. Almost all the regions of thinning on the lateral surfaces were located in sulci rather than on the gyri of the cortex. The neuropsychological manifestations of thinning in the ''default mode'' brain regions is difficult to assess due to the incomplete understanding of the default mode.
Patients with end-stage renal disease undergoing hemodialysis are also known to suffer from cognitive deficits, cerebral atrophy, and high stroke prevalence. A recent study suggested that these patients suffer from low CBF during the interdialytic cycle and that this, coupled with low cerebral oxygenation levels, may contribute to the etiology of these effects (Prohovnik et al. 2007) . The similarities between these results and those from our study suggest that intermittent hypoxia may cause similar problems in a range of diseases. The effect of hemodialysis on our study also has to be considered; however, as only 2 of the SCD patients have had regular transfusions, this cannot explain all the differences observed in our study.
Cortical Thinning and Behavioral Effects
Although no neuropsychological data were acquired for this study, it is of interest to try and relate the functional implications of our findings to the cognitive data in the literature. Unfortunately, as detailed in a recent review of neurocognitive studies in SCD (Berkelhammer et al. 2007) , there is significant variability in the findings including some contradictory studies, and only a few studies considered age as a mediating factor. Furthermore, we did not address the possibility of white matter lesions in this study which may affect the functioning of distributed processes.
In general, in children with SCD attention and executive functions appear to be particularly vulnerable. The consensus from a number of studies is that the dorsolateral prefrontal cortex has to be critically involved in executive function (D'Esposito et al. 1995; Collette et al. 1999) . However, these studies also showed activity in other areas including the parietal cortex. In a more recent study, a distributed network was found with the frontal lobes areas showing the most significant clusters for activation that did not vary as a function of the frequency that the attention was switched between items in working memory (Garavan et al. 2000) However, there were 2 other large clusters located in the parietal cortex (left inferior parietal lobe and left precuneus) which did vary as a function of the switching frequency. Thus, there is a possible connection between the thinning of the left precuneus seen in our study and the reported declines in executive function seen in children with SCD; however, the actual correlation will depend on the details of the tasks used to measure executive function. Bilateral precuneus activation has also been associated with episodic memory retrieval (Krause et al. 1999 ); however, a correlation with neurocognitive data is difficult because episodic memory retrieval is not tested in a general neurocognitive battery. Most of the remaining areas of thinning are found in the deep infoldings of the temporal lobes, areas which are associated with verbal and nonverbal IQ and which are known to be affected negatively in SCD, even in the absence of ischemia, silent infarcts, or vascular damage. Future research in this area should pair neuroanatomical findings with neuropsychological testing specific to the ROIs seen in this study and the related literature in order to explore the functional consequences of cortical thinning.
Limitations
One of the limitations of this study is the size of the SCD and control groups. The end point of this study coincided with a significant upgrade of our 1.5-T scanners and the installation of a 3-T scanner. The difficulty in combining data from different field strengths in the group analysis has been previously documented (Han et al. 2006; Jovicich et al. 2006) . Thus, any additional cases scanned using the 3-T scanner could not be combined with the results from the current 1.5-T study. There has been recently a reported release of the data from the National Institutes of Health MRI study of normal brain development (Evans 2006) . The data released include first-year volumetric MRI acquisitions for several hundred children over the pediatric age range. The data could potentially be used to increase the number of normal subjects, but this would be subject to the same problems of differences between scanners from different vendors, interscanner variability among scanners from the same vendor, and potential differences in the imaging hardware and acquisition protocols (Han et al. 2006) . Because of the retrospective nature of the recruitment of the patients with SCD, we were unable to perform neuropsychological testing on this population and hence were unable to document if they had any cognitive defects compared with the control population.
As a result of the small sample size, the effects of gender and age on cortical thickness could not be conclusively determined. To our knowledge, the largest cohort for which cortical thickness analysis has been performed to examine gender differences consisted of 176 healthy individuals aged between 7 and 87 years (Sowell et al. 2007) . They found that the most significant gender-related differences were in the right association area, that is, posterior temporal and parietal regions when the results were not normalized for height and body size (which is also the case for our data). Because the most significant areas of thinning in our study did not coincide with these areas, it is unlikely that the statistical power of our results on the medial surfaces could be explained by genderrelated differences. However, the lack of any gender effects may be the result of the small sample size used in this study. Similarly, the hemispheric differences in the significance of the slope effect for the younger group and the absence of a disease effect in the younger group may simply reflect the fact that the cohort was not large enough to determine accurately the spatiotemporal dynamics of the thinning process in the younger subjects. Other than recruiting a very large number of subjects, the best method of addressing this problem may be to recruit subjects within a rather narrow age range because the temporal development of the cortex can be approximated to a linear function over a short enough time period.
Conclusion
Given the sample size, we cannot be certain that our sampling indicates all regions that are likely to be affected by thinning of the cortex or that our sampling indicates the areas most at risk. Additionally, without the benefit of postmortem histological studies, it is impossible to know the exact effect of the hypoxia on the cytoarchitecture. However, our results indicate significant selective thinning of several cortical regions in older patients with SCD. Thus, prophylactic treatments to mitigate the neurological deficits encountered in SCD populations would have to begin at an early age if they are to be effective. Further work is needed to better understand the etiology of this thinning and its effects on cognitive performance.
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